We investigated snow cover dynamics using time series of moderate (MODIS) to high (SPOT-4/5, Landsat-8) spatial resolution satellite imagery in a 3700 km 2 region of the southwestern French Alps. Our study was carried out in the context of the SPOT (Take 5) Experiment initiated by the Centre National d'Etudes Spatiales (CNES), with the aim of exploring the utility of high spatial and temporal resolution multispectral satellite imagery for snow cover mapping and applications in alpine ecology. Our three objectives were: (i) to validate remote sensing observations of first snow free day derived from the Normalized Difference Snow Index (NDSI) relative to ground-based measurements; (ii) to generate regional-scale maps of first snow free day and peak standing biomass derived from the Normalized Difference Vegetation Index (NDVI); and (iii) to examine the usefulness of these maps for habitat mapping of herbaceous vegetation communities above the tree line. Imagery showed strong agreement with ground-based measurements of snow melt-out date, although R 2 was higher for SPOT and Landsat time series (0.92) than for MODIS (0.79). Uncertainty surrounding estimates of first snow free day was lower in the case of MODIS, however (˘3 days as compared to˘9 days for SPOT and Landsat), emphasizing the importance of high temporal as well as high spatial resolution for capturing local differences in snow cover duration. The main floristic differences between plant communities were clearly visible in a two-dimensional habitat template defined by the first snow free day and NDVI at peak standing biomass, and these differences were accentuated when axes were derived from high spatial resolution imagery. Our work demonstrates the enhanced potential of high spatial and temporal resolution multispectral imagery for quantifying snow cover duration and plant phenology in temperate mountain regions, and opens new avenues to examine to what extent plant community diversity and functioning are controlled by snow cover duration.
Introduction

Background and Rationale
Mountain regions are privileged areas for water and energy exchanges. Mountain rivers provide water supply to 40% of the world's population and are subject to high demographic and climate pressure [1] . In many mountain watersheds, the seasonal evolution of the snow pack is a key parameter influencing regional climate [2] , water resource budgets [3] , and ecosystem functioning and structure [4] . Within the context of global climate change [1, 5] , temperature rise in the European Alps has been pronounced and accompanied by rising snow lines and earlier melt-out dates [6, 7] . Recent studies show that a continuous winter snow pack is becoming increasingly rare in Alpine catchments below 1200 m above sea level (a.s.l.) [8] , although snow cover duration above 2000 m a.s.l. has been shown to be less sensitive to changes in air temperature [9] . Over the last few decades, observational studies of mountain vegetation have demonstrated rising tree lines in the Alps and Pyrenees in response to climate warming and land abandonment [10, 11] as well as increasing species richness on Europe's temperate alpine summits [12] .
Optical remote sensing provides the opportunity to address the question of snow cover regime changes at the regional scale, particularly in the context of mid-latitude study areas [13] . A decrease in snow-covered areas has been globally observed in the Northern Hemisphere since the end of the 1970s, when the first space borne optical sensors began to monitor the Earth's surface [14, 15] . Different methods have been developed to compute changes in terms of snow cover area (SCA) and snow cover duration (SCD) [16, 17] , and have been applied (i) at the global scale with NOAA-AVHRR, SPOT-Vegetation and MODIS sensors; and (ii) at the regional scale with Landsat, SPOT and ASTER missions. The main parameters analyzed are the timing and duration of the melting season under current and future climate conditions [18, 19] . Maps and statistics retrieved [13, 20] are useful for a large panel of climate and environmental applications, including alpine ecology. Alpine ecologists are especially interested in snow cover maps in order to better understand and predict responses of high-elevation vegetation to climate change [21] .
Temperate mountain grasslands are fundamentally limited by a short growing season, and spatial variability in energy availability is a key factor affecting the distribution of high-elevation plant species [22] . Growing season length, as determined by snow cover duration, has been associated with (i) patterns of taxonomic and functional diversity in alpine plant communities [23, 24] as well as diversity patterns across plant and microbe trophic levels [25] ; and (ii) ecosystem functioning, including primary productivity and phenology [26, 27] , and nutrient cycling [28] . Turnover in alpine plant diversity typically occurs over short distances (<50 m) in the form of complex mosaics that vary according to topographic heterogeneity [29] , which necessitates quantifying changes in environmental conditions at this scale [30] . For plant ecologists interested in understanding and predicting responses of alpine plant communities to climate change, there is therefore a crucial need to map snow cover dynamics at high resolution and over broad spatial scales, both for the present and coming decades [31] .
Prior to application of remote sensing-derived snow cover information, it is necessary to carry out ground validation and also to assess cross-scalar agreement between field measurements and imagery of varying spatial and temporal resolutions. Using MODIS imagery at the regional scale, strong agreement was demonstrated between snow maps derived from the Normalized Difference Snow Index (NDSI) and ground-based measurements of snow height [32] . Also using MODIS, phenology metrics for above-tree line vegetation, including snow melt-out date, start of plant growth, and end of the growing season derived from the Normalized Difference Vegetation Index (NDVI) were validated with respect to ground measures of snow and plant height [33] . While at least one previous study has carried out quantitative comparison of snow cover area maps generated by Landsat ETM+ and MODIS satellites [34] , studies testing the ability of dense time series of optical imagery at high spatial resolution (<30 m) to quantify snow cover duration in mountainous areas are lacking, and are necessary as the availability of high-resolution satellite imagery continues to increase.
A new technical step is in reach with the Sentinel-2 Copernicus program, including two optical platforms (2A launched successfully in June 2015 and 2B planned for 2016) with high temporal (5 days) and spatial (10 to 20 m) resolutions for coverage of 300ˆ300 km 2 . These combined advantages offer to reduce data gaps caused by cloud cover, and, concerning snow, to improve accuracy for monitoring the timing of snow accumulation and snow melt-out relative to the larger repeat cycles of Landsat or SPOT missions. In order to simulate the Sentinel-2 revisit frequency and output products, the French Space Agency CNES (Centre National d'Etudes Spatiales), joined by the European Space Agency (ESA), implemented the SPOT (Take 5) Experiment, which consisted of moving the SPOT-4 and SPOT-5 satellites to a lower orbit before the end of their respective missions, in order to achieve five-day revisit capacity [35] . The two experiments took place respectively from February to June, 2013, for SPOT-4 (20 m resolution), and from April to September 2015, for SPOT-5 (10 m resolution) over worldwide selected sites, including our study area in the southwestern French Alps.
Goals and Objectives
Using images obtained from the SPOT (Take 5) Experiment, the objectives of this paper are: (i) to validate remote sensing observations of first snow free day derived from the Normalized Difference Snow Index relative to ground-based measurements for two snowmelt cycles (2013 and 2015); (ii) to generate regional-scale maps of first snow free day and peak productivity defined by the Normalized Difference Vegetation Index; and (iii) to examine the usefulness of these maps for habitat mapping of herbaceous vegetation communities above the tree line. The description of our study area, data sets and climate context are presented in Section 2. Section 3 provides methods for image processing, snow cover (NDSI) and NDVI mapping, validation of snow cover maps and intersection of remote sensing data with vegetation plots. Results are shown in Section 4 for validation of remote sensing estimates of snow melt-out date, regional-scale mapping of first snow free day and peak NDVI, and differentiation of alpine plant community habitat. These findings are discussed in Section 5, followed by our conclusions.
Study Area and Data Sets
Study Area
The SPOT (Take 5) study site (French Alps, Europe) is located at 45˝09 1 N, 06˝10 1 E, near the city of Grenoble. It is a high mountain area, centered on the Oisans massif, where 50% of the territory is located at an elevation of over 2000 m a.s.l., including both ski resorts and glaciers (Figure 1 ). Land cover above inhabited valleys is a combination of forest (mainly spruce, beech, larch and fir) interspersed with grasslands and subalpine heathlands, transitioning to alpine meadows (Figure 2) , and finally rock, snowfield and glacier at the highest elevations. Our study area encompasses the Oisans mountain range in the Ecrins National Park, which is a long-term study site for both Météo France and the Long Term Ecological Research Network (LTER) "Zone Atelier Alpes" [36] . 
Remote Sensing Data
The SPOT (Take 5) Experiment was carried out using SPOT-4 and 5 satellites. By combining both SPOT-4 sensors, it was possible to obtain an image tile of 110ˆ110 km 2 , whereas the SPOT-5 images were registered under the regular size of 65ˆ65 km 2 , using only a single sensor (Figure 1 ). The dataset was completed with Landsat-8 acquisitions available beginning in April 2013, and with near-daily MODIS images (L1B swath data product). The complete image collection was cropped to the SPOT-5 extent, in order to be consistent for image pre-processing, mapping and analysis. We used a digital elevation model (DEM) at 25 m resolution and a forest layer provided by the French National Institute Geographic Information (IGN) to remove pixels from the analysis that were forested and or below 1800 m a.s.l. We selected the threshold of 1800 m a.s.l. in order to focus our study on snow cover dynamics and high-elevation plant communities above the tree line.
With spectral bands in the visible and infrared, the optical sensors of SPOT, Landsat and MODIS are appropriate to differentiate snow cover from other targets, particularly above the tree line, including vegetation, bare ground, water and clouds. The physical properties of snow retrieved by optical remote sensing are well documented, especially for energy balance or runoff modeling [37] [38] [39] . However, additional pre-processing steps are necessary in order to generate usable time series from multiple optical sensors, especially in the case of mountainous study areas [40] .
Climate Context and Snow Cover Variability (1959-2015)
We provide re-analysis of climate and snow cover trends during the past six decades in order to put our study years (2013 and 2015) in context. Recent climate trends in the Europeans Alps have had a strong impact on snow cover duration and environmental conditions for alpine plants [41] . Durand et al. [42] demonstrated a decline in snow cover duration in the French Alps between 1959 and 2005, particularly at low and medium elevations, caused by increases in air temperature coupled with changes in precipitation regimes [43] [44] [45] . With an increase in annual mean temperatures of 0.9˝C, as compared to a global averaged increase of 0.6˘0.2˝C [1], the European Alps have been strongly affected by recent climate change (Figure 3 ). Within the context of our study area, Figure 4 demonstrates inter-annual variability of the first snow free day for five elevation classes in the Oisans mountain range from August 1958 to August 2015. These results were obtained from a re-analysis of meteorological and snowpack conditions using the SAFRAN-SURFEX/Crocus-MEPRA model chain (S2M) [42, 44, 46] . At all elevations, snow melt-out date tends to occur earlier in the season during recent years as compared to past decades, although there is substantial year-to-year variability. The years 2013 and 2015 were highly distinct compared to recent years in our study area in terms of precipitation, temperature and snow cover duration (Figures 3 and 4) . Across all elevations, and as compared to average first snow free day values for 1981-2010, 2013 was characterized by exceptionally long-lasting snow cover, whereas snow melt-out occurred relatively early during the spring and early summer of 2015. Substantial climatic differences between study years 2013 and 2015 allowed us to validate our method of estimating the first snow free day for two highly contrasting snowmelt cycles. In the framework of the SPOT (Take 5) Experiment, CNES-Cesbio provided SPOT-4 and SPOT-5 images at the top of the atmosphere (L1C) and top of the canopy (L2A) reflectance using the multi-sensor atmospheric correction and cloud screening (MACCS) algorithm [47] . The standard L2A product with "surface reflectance" (hereafter referred to as L2A-SRE) was further enhanced by applying correction methods originally proposed by Dymond and Sheperd [48, 49] to account for changes in illumination caused by slope angle and aspect, with the aim of providing a retrieved "flat reflectance" (hereafter referred to as L2A-FRE). Given that designated sites for the SPOT (Take 5) 
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SPOT-4 and SPOT-5 and Landsat-8 Image Pre-Processing
In the framework of the SPOT (Take 5) Experiment, CNES-Cesbio provided SPOT-4 and SPOT-5 images at the top of the atmosphere (L1C) and top of the canopy (L2A) reflectance using the multi-sensor atmospheric correction and cloud screening (MACCS) algorithm [47] . The standard L2A product with "surface reflectance" (hereafter referred to as L2A-SRE) was further enhanced by applying correction methods originally proposed by Dymond and Sheperd [48, 49] to account for changes in illumination caused by slope angle and aspect, with the aim of providing a retrieved "flat reflectance" (hereafter referred to as L2A-FRE). Given that designated sites for the SPOT (Take 5) Experiment occurred across the globe, the Shuttle Radar Topography Mission (SRTM) 90 m product was used as the DEM for image processing. All processed SPOT (Take 5) images may be freely downloaded from the CNES-ESA web portal (https://spot-take5.org). To complete the time series for 2013 and 2015, we added available Landsat-8 images at 30 m resolution for both years, which were processed by the THEIA Land Data Center using the same atmosphere and slope-correction algorithms as for SPOT (Take 5) outputs. These data are also distributed with a free and open policy (https://theia-land.fr). Considering the L2A-FRE output as the optimal available product, particularly for early spring months characterized by low solar elevation, we acquired all SPOT and Landsat images for this study at this enhanced correction level. In total, we used thirty-eight high-resolution images (see Table S1 in Supplementary Material), including six SPOT-4 dates (2013), eleven SPOT-5 dates (2015), and twenty-one Landsat-8 dates (nine for 2013, twelve for 2015). SPOT and Landsat images with contrasting spatial resolutions (10-30 m, Table S1 ) were resampled to a baseline 25 m resolution using bilinear interpolation.
MODIS Image Processing
From February 2000 onward, the MODIS sensor onboard the Terra platform has acquired images worldwide with daily temporal resolution. The National Snow and Ice data Center (NSIDC) provides snow map products at daily and eight-day intervals [50, 51] . However, the steep topography of our study area necessitated the use of an enhanced algorithm for detecting snow cover in mountainous terrain using MODIS data. MODImLab is a MATLAB toolbox allowing MODIS L1B swath data products (radiance at the top of atmosphere TOA) to be downloaded and processed automatically towards the production of binary snow maps and maps of sub-pixel snow fraction [52] snow albedo [53] , and snow specific surface area [54] . In this study, MODImLab was used to process MODIS/TERRA L1B data using the image fusion approach, which allows for estimation of the short wave infrared band at 250 m spatial resolution [55] .
Snow Cover (NDSI) and NDVI Mapping
Dozier [56] proposed a multispectral scheme with Landsat Thematic Mapper data for binary mapping of snow cover, by which each pixel is classified as snow, snow-free or cloud. This method relies on the Normalized Difference Snow Index (NDSI), which captures contrast between the high reflectance of snow in the green part of the solar spectrum (0.5 µm) and the low reflectance registered in the short wave infrared (SWIR) at 1.6 µm. The SWIR also provides the capability to discriminate snow from clouds, due to the increased absorption coefficient of ice compared to liquid water in the short-wave infrared:
where ρ is the reflectance of the respective channel. Subsequently, a pixel in an un-forested area is mapped as snow covered when NSDI > 0.4 [56] , which is referenced as a standard value by many publications in the literature since the initial paper of Dozier in 1989. This simple threshold-based approach was applied here to all sensors of our images dataset: SPOT, Landsat and MODIS in order to create binary snow maps. Table 1 summarizes the channels and respective wavelengths of the four sensors used in this study for NDSI and NDVI calculation. Concerning MODIS images, the mapping of snow from fused spectral bands was completed using the binary algorithm of the MOD10 Snow Product [50] based on the same 0.4 NDSI threshold. Additional tests on the visible and near-infrared bands, as well as a thermal test on the surface temperature, enable commission errors in water and dark areas to be reduced [51] . The separation of snow from clouds is a basic requirement of snow cover classifications using optical data and requires routines to discriminate snow on the ground from different types of cloud cover. Cloud masks were provided by CNES-Cesbio and were applied to Landsat and SPOT images, as demonstrated in Figure 5 (CNES product). Concerning MODIS images, MODImLab implements a cloud detection algorithm based on a selection of tests largely inspired from the MOD35 product [57] , which was applied to MODIS reflective and emissive bands from the MOD021KM swath L1B products. Combining binary maps retrieved from the NDSI threshold with cloud masks generated snow cover maps at moderate (MODIS 250 m) and high (SPOT and Landsat at 25 m) spatial resolutions. The separation of snow from clouds is a basic requirement of snow cover classifications using optical data and requires routines to discriminate snow on the ground from different types of cloud cover. Cloud masks were provided by CNES-Cesbio and were applied to Landsat and SPOT images, as demonstrated in Figure 5 (CNES product). Concerning MODIS images, MODImLab implements a cloud detection algorithm based on a selection of tests largely inspired from the MOD35 product [57] , which was applied to MODIS reflective and emissive bands from the MOD021KM swath L1B products. Combining binary maps retrieved from the NDSI threshold with cloud masks generated snow cover maps at moderate (MODIS 250 m) and high (SPOT and Landsat at 25 m) spatial resolutions. The Normalized Difference Vegetation Index (NDVI), which measures plant photosynthetic activity, was calculated using pre-processed MODIS and SPOT/Landsat time series, using the following formula:
where ρ is the reflectance of the respective red and near infrared channels , as described in Table 1 for each sensor. The same cloud masks used for snow cover mapping were applied to generate NDVI maps at 250 m (MODIS) and at 25 m (SPOT and Landsat). In addition to representing a proxy The Normalized Difference Vegetation Index (NDVI), which measures plant photosynthetic activity, was calculated using pre-processed MODIS and SPOT/Landsat time series, using the following formula:
where ρ is the reflectance of the respective red and near infrared channels , as described in Table 1 for each sensor. The same cloud masks used for snow cover mapping were applied to generate NDVI maps at 250 m (MODIS) and at 25 m (SPOT and Landsat). In addition to representing a proxy of plant biomass, NDVI has also been linked to species richness in the context of mountain grasslands [58] .
It should be noted that with normalized indices such as NDSI and NDVI, the retrieved signal is not very sensitive to atmospheric effects in the context of high-elevation study areas [56] . Accordingly, we decided that it was not necessary to carry out atmospheric correction for MODIS images processed with MODImLab.
Vegetation Data and Ground Measurements of Snowmelt
We assembled a database of 1272 vegetation plots from subalpine grasslands, shrub and heathlands, and alpine meadows. Data were provided by the Conservatoire Botanique National Alpin (http://www.cbn-alpin.fr/) and the Ecrins National Park. Floristic surveys were conducted from 2000 to 2014 and consisted of recording all vascular plants occurring in a sampled area ranging from 10 m 2 to 25 m 2 . The geo-location error of vegetation plots was less than 10 m. Vegetation plots below 1800 m a.s.l. were disregarded in order to exclude grassland patches interspersed with mountain forests.
Similarity-based cluster analysis was conducted using an agglomerative clustering technique [59] . First, floristic distances between vegetation plots were estimated using the Jaccard index, which is based on presence-absence data. Second, k clusters of vegetation plots were defined using the Partitioning Around Medoids (PAM) algorithm implemented in the pam function of the R package version 1.15.3 [60, 61] . The resulting k clusters minimize the sum of dissimilarities between groups. Exploratory analyses were conducted using a prescribed number of clusters ranging from five to thirty. We identified that twelve clusters represented a fair compromise between having enough vegetation plots per cluster and adequately capturing plant community diversity in the targeted area. The floristic compositions of the resulting clusters are consistent with previous vegetation studies conducted in these mountain ranges [62] .
Hourly soil temperatures in high elevation grasslands were recorded using miniaturized data loggers (Hobo pendant ® , Onset, Cape Cod, MA, USA) buried at 5 cm depth. During snow covered periods, subsurface soil temperatures did not exhibit circadian variations and temperature remained between -0.5˝C and 0.5˝C throughout the day. When snow melt-out occurs, daily amplitude increases significantly and the mean daily temperature rapidly rises above 0˝C. Our visual inspection of snow cover on a few instrumented sites clearly indicated that disappearance of snow coincides with the rise of subsurface soil temperature.
Snow depth measurements for 2013 and 2015 were obtained from (i) the Nivose network of Météo France consisting of high-altitude automatic weather stations; and (ii) from two automatic stations belonging to the experimental site of Col du Lac Blanc (2720 m a.s.l., Grandes Rousses range). At all stations, snow depth measurements were collected hourly using an ultra-sonic snow depth gauge.
Validation of Snow Cover Maps
Time series of snow cover maps derived from MODIS and from SPOT-4/5 and Landsat-8 (hereafter shortened to SL) were used to estimate the first snow free day for available ground measurements in 2013 and 2015. Eight (eleven) time series of soil temperature and four (seven) time series of snow height were available for 2013 and 2015, respectively. Time series of snow cover maps from MODIS and SL imagery were extracted for ground validation points for both years, and the median date between the last observation of snow cover (NDSI > 0.4) and the first snow free observation (NDSI < 0.4) was used to estimate the first snow free day in Julian Days. Considering that both ground-based and remote sensing based estimates were subject to error, standardized major axis regression [63] was used to fit a linear relationship between ground measurements and MODIS and SL estimates of first snow free day. R-squared was used to assess the strength of the relationship between remote sensing observations and ground-based measurements. Mean uncertainty was calculated for both MODIS and SL images and was defined as the average number of days between the last observation of snow cover and the first snow free observation. Mean error was estimated for both medium and high resolution imagery and was defined as the average difference in Julian Days between remote sensing and ground-based observations of snow melt-out.
Mapping First Snow Free Day and Peak NDVI
We selected 2015 as an example year to carry out regional-scale mapping of the first snow free day and peak NDVI, and to explore the relevance of these maps for differentiating alpine plant community habitat. Images for 2015 consisted of eleven SPOT-5 scenes and twelve Landsat-8 scenes from 23 March to 8 September 2015 (Table S1 ). Given that no-data values were possible due to cloud cover or shadows, only pixels that were above 1800 m a.s.l., non-forested and that contained more than eleven non-NA observations were retained for analysis (n = 4,580,421). The same algorithm described above was used to estimate the first snow free day (Julian Day) for each pixel, based on the median date between the last observation of snow cover and the first snow free observation. Pixels which were snow free before the first available image (23 March) were set to no-data. The resulting map of the first snow free day was exported at 25 m resolution. NDVI at peak standing biomass (NDVI max ) was also estimated for each pixel by extracting the yearly maximum observed value of NDVI. The same protocol was used to estimate the first snow free day and NDVI max using MODIS imagery for 2015, which was available from 1 February to 30 September (n = 44,642). Given the large number of MODIS observations, it was not necessary to remove pixels based on the number of cloud-free observations. Pearson's r was used to test for linear correlations between elevation (m a.s.l.) and the first snow free day (Julian Day), and between elevation and NDVI max for a random sample of 5000 pixels iterated 100 times for both MODIS and SPOT and Landsat estimates of first snow free day. Lastly, first snow free day and NDVI max were extracted for all vegetation plots for the year 2015, using both MODIS and SL time series maps. We anticipated an overall negative relationship between first snow free day and NDVI max , with the expectation that a shorter growing season will lead to reduced peak standing biomass.
Results
Validation of Remote Sensing Estimates of the First Snow Free Day
Overall, ground-based physical measures of snow melt-out showed strong agreement with remote sensing observations. The date at which soil temperatures passed above 0˝C and at which snow height reached 0 cm corresponded with NDSI values passing below 0.4, especially in the case of SPOT-4/5 and Landsat-8 and (SL) imagery (Figures 6 and 7) . For the soil temperature plot shown in Figure 6A , MODIS (grey dashed line) overestimated the first snow free day relative to the soil temperature logger, whereas in Figure 6B , MODIS underestimated the first snow free day as determined by snow height. In both cases, topographic heterogeneity within 250 m pixels led to discrepancy between ground-based measurements of snow melt-out and NDSI observed by MODIS. The examples provided in Figure 6 demonstrate that if high spatial resolution images are available at the critical timing of snowmelt, it is possible to precisely determine the first snow free day even in topographically heterogeneous sites. The increased temporal resolution of MODIS relative to SL was evident due to the higher frequency of snow cover observations ( Figure 6 ). Ground-based measurements plotted relative to remote sensing-based estimates of the first snow free day for 28 observations in 2013 and 2015. Circles correspond to the first snow free day measured by soil temperature, and triangles correspond to first snow free day measured by snow height. Position on the y-axis represents the median Julian Day between the last snow and the first snow free observations (shown with error bars), as estimated by (A) MODIS; and (B) SPOT-5 and Landsat-8. The dashed line is the 1:1 trend line, whereas the solid line is the result of a standardized major axis regression between ground-based measurements and remote sensing observations. Grey lines indicate upper and lower confidence intervals for slope and intercept estimates. 
Mapping the First Snow Free Day and Peak NDVI at the Regional Scale
Estimates of the first snow free day for 2015 varied from 31 March (Julian Day 90) to 4 September (Julian Day 247; Figure 8 ) for SL imagery and between 10 February (Julian Day 41) and 29 September (Julian Day 272) for MODIS imagery. The first snow free day was significantly correlated with elevation in the case of both MODIS and SL imagery; however, the correlation was stronger in the case of MODIS (0.76 as compared to 0.57 for SL imagery). Despite the overall positive trend between elevation and the first snow free day, we found substantial variation (up to 90 days) in melt-out timing along elevation isolines due to changes in slope orientation (Figure 8 inset) . We considered changes in the first snow free day for similar elevations to represent the local effects of wind and topographic heterogeneity.
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Estimates of the first snow free day for 2015 varied from 31 March (Julian Day 90) to 4 September (Julian Day 247; Figure 8 ) for SL imagery and between 10 February (Julian Day 41) and 29 September (Julian Day 272) for MODIS imagery. The first snow free day was significantly correlated with elevation in the case of both MODIS and SL imagery; however, the correlation was stronger in the case of MODIS (0.76 as compared to 0.57 for SL imagery). Despite the overall positive trend between elevation and the first snow free day, we found substantial variation (up to 90 days) in melt-out timing along elevation isolines due to changes in slope orientation (Figure 8 inset) . We considered changes in the first snow free day for similar elevations to represent the local effects of wind and topographic heterogeneity. For MODIS imagery, peak NDVI (NDVImax) varied from 0 to 0.85 with a mean of 0.48. When estimated with SL imagery, NDVImax varied from 0 to 0.95 with a mean of 0.51 ( Figure 9) . Maximum values of NDVI above 0.90 (which represented the 0.95 quantile for SL imagery) likely reflected the localized presence of tree cover, despite our effort to remove these pixels from the analysis, or in isolated cases could have been the result of errors in cloud masks. The negative correlation between NDVImax and elevation was somewhat stronger for MODIS than for SL imagery (−0.81 vs. −0.73). The inset in Figure 9 illustrates the high heterogeneity in NDVImax at 25 m resolution, which reflects the patchy distribution of plant communities in high-elevation landscapes. For MODIS imagery, peak NDVI (NDVI max ) varied from 0 to 0.85 with a mean of 0.48. When estimated with SL imagery, NDVI max varied from 0 to 0.95 with a mean of 0.51 ( Figure 9) . Maximum values of NDVI above 0.90 (which represented the 0.95 quantile for SL imagery) likely reflected the localized presence of tree cover, despite our effort to remove these pixels from the analysis, or in isolated cases could have been the result of errors in cloud masks. The negative correlation between NDVI max and elevation was somewhat stronger for MODIS than for SL imagery (´0.81 vs.
0.73). The inset in Figure 9 illustrates the high heterogeneity in NDVI max at 25 m resolution, which reflects the patchy distribution of plant communities in high-elevation landscapes. 
Differentiating Alpine Plant Community Habitat by Peak NDVI and the First Snow Free Day
Dominant high-elevation plant communities were differentiated relative to the first snow free day and peak NDVI (NDVImax; Figure 10 ). The distribution of plant communities with respect to the first snow free day and NDVImax was similar for axes derived from both MODIS and SL imagery, reflecting the turnover of plant communities along an elevation gradient. The higher temporal resolution of MODIS imagery was apparent due to a more continuous snow melt-out gradient, whereas SL imagery resulted in clustered points as a function of scene acquisition dates (Table S1 ). Estimation of NDVImax at 25 m with SL imagery resulted in a general upward shift in NDVI values as compared to MODIS at 250 m (Figures 9 and 10) , likely due to the higher fraction of vegetation cover contained within smaller pixels. 
Dominant high-elevation plant communities were differentiated relative to the first snow free day and peak NDVI (NDVI max ; Figure 10 ). The distribution of plant communities with respect to the first snow free day and NDVI max was similar for axes derived from both MODIS and SL imagery, reflecting the turnover of plant communities along an elevation gradient. The higher temporal resolution of MODIS imagery was apparent due to a more continuous snow melt-out gradient, whereas SL imagery resulted in clustered points as a function of scene acquisition dates (Table S1 ). Estimation of NDVI max at 25 m with SL imagery resulted in a general upward shift in NDVI values as compared to MODIS at 250 m (Figures 9 and 10) , likely due to the higher fraction of vegetation cover contained within smaller pixels. Table 1 . Values of NDVI close to 0 represent plant communities occurring in sparsely vegetated screes and talus. The overall upward shift in NDVI values for SPOT-5 and Landsat-8 imagery as compared to MODIS NDVI can be attributed to more homogenous plant cover occurring within smaller pixels. The error bars represent 95% confidence intervals around estimates of mean NDVI max and the first snow free day per plant community.
Subalpine grassland and shrub communities characterized by early snowmelt (Julian Day 100 to 110) and high NDVI (0.5 to 0.80) included communities 1, 2, 3, 4 and 6 ( Figure 10 ; Table 2 ). Community 5, representing alpine dwarf shrub habitat, became snow free around Julian Day 120 with an NDVImax between 0.55 (MODIS) and 0.70 (SL). Moist subalpine to low-alpine grasslands (community 7), representative of a transition between subalpine and alpine vegetation, became snow free by Julian day 130 and displayed an NDVImax slightly lower than community 5. Communities 8, 9 and 11 corresponded to alpine grasslands occurring at similar elevations, including mesic alpine meadows, alpine snowbed and wind-blown, dry alpine meadows. As estimated by MODIS, these groups shared similar values of the first snow free day around Julian Day 140 and NDVImax around 0.4. SL imagery increased differentiation of alpine grassland communities, especially in the case of snowbed vegetation (community 9), along the first snow free day axis. Lastly, communities 10 and 12 were representative of talus and scree vegetation with low NDVI around 0.2 and a first snow free day after Julian day 150 ( Figure 10 ; Table 2 ). Subalpine grassland and shrub communities characterized by early snowmelt (Julian Day 100 to 110) and high NDVI (0.5 to 0.80) included communities 1, 2, 3, 4 and 6 ( Figure 10 ; Table 2 ). Community 5, representing alpine dwarf shrub habitat, became snow free around Julian Day 120 with an NDVI max between 0.55 (MODIS) and 0.70 (SL). Moist subalpine to low-alpine grasslands (community 7), representative of a transition between subalpine and alpine vegetation, became snow free by Julian day 130 and displayed an NDVI max slightly lower than community 5. Communities 8, 9 and 11 corresponded to alpine grasslands occurring at similar elevations, including mesic alpine meadows, alpine snowbed and wind-blown, dry alpine meadows. As estimated by MODIS, these groups shared similar values of the first snow free day around Julian Day 140 and NDVI max around 0.4. SL imagery increased differentiation of alpine grassland communities, especially in the case of snowbed vegetation (community 9), along the first snow free day axis. Lastly, communities 10 and 12 were representative of talus and scree vegetation with low NDVI around 0.2 and a first snow free day after Julian day 150 ( Figure 10 ; Table 2 ). Table 2 . Dominant co-occurring species and mean elevation (m a.s.l.) and habitat descriptions for twelve plant communities identified by clustering analysis. 
Discussion
Our study proposes a simple method for estimating first snow free day from time series of multispectral imagery, which we validate for both high and moderate spatial resolution sensors with respect to ground measurements of snow melt-out date. We further demonstrate the ability of first snow free day and peak NDVI derived from high-resolution imagery to capture the floristic diversity of mountain plant communities located above the tree line. Although improving process-based models of snow accumulation and snowmelt in complex mountain terrain is an ongoing priority for snow scientists [64] [65] [66] , and is necessary to forecast the effects of climate change on snow cover duration [21] , simulating spatial heterogeneity of snowmelt in topographically complex study areas remains a difficult task [67, 68] . Remote sensing thus represents a promising avenue for observing snow distribution patterns at regular intervals and over large spatial extents.
On the Importance of High-Resolution Time Series Imagery for Snow Cover Mapping
Optimized pre-processing routines are important to generate accurate output products in mountainous environments [69] . Taking these considerations into account, the SPOT-4/5 and Landsat-8 data pre-processed by CNES-Cesbio were made available with the choice of level 2A with surface reflectance correction (L2A-SRE), or with added slope correction to retrieve flat reflectance (L2A-FRE). The benefit of L2A-FRE processing is to ensure temporal consistency of surface reflectance values between SPOT-4/5 and Landsat-8 snow products. Furthermore, the SPOT (Take 5) Experiment generated Sentinel-2 proxy data by simulating high temporal (five-day) and spatial (10 m) resolution scene acquisition. These features are important given the spatial heterogeneity of snow cover duration widely observed in rugged terrain (Figures 2 and 5 ). For MODIS snow cover maps, the benefits of high temporal resolution for snow cover mapping were apparent in the form of low temporal uncertainty (Figures 6 and 7) . Accuracy was somewhat lower as compared to SL imagery, however, due to the relatively coarse spatial resolution of MODIS data, even after enhancement to 250 m resolution using the MODImLab process. Our results point to the importance of both high temporal and spatial resolution multispectral imagery for accurate monitoring of local-scale snow cover distribution and melting processes.
Perspectives on the Use of High-Resolution Imaery in Alpine Plant Ecology
Plant ecologists interested in modeling responses of alpine vegetation to environmental gradients require information on snow cover duration at the scale of observed turnover in plant communities, which typically occurs over distances <50 m in heterogeneous alpine environments (Figures 2 and 5 ) [29] . Figure 6A demonstrates the potential for high-resolution imagery to detect snow melt-out timing as determined by soil temperature for an alpine meadow community characteristic of topographically complex ridge crests, which is less accurately measured using moderate resolution imagery (MODIS). Although MODIS did not perform as well as high-resolution imagery, the enhanced snow cover product at 250 m resolution nonetheless showed strong agreement ground observations of snow melt-out (Figures 6 and 7) . Our results thus support the use of MODIS, particularly for broad-scale phenological studies that take full advantage of the daily re-visit capacity, e.g., [70] . Finer studies of plant diversity patterns, however, would be better supported using snow cover information derived from high-resolution imagery.
For alpine ecologists, the new opportunities provided by high-resolution imagery are twofold. First, high-resolution data will increase our ability to carry out fine-scale mapping of high-elevation habitats over biogeographical scales. Previous attempts to map mountain habitats above the tree line have been fundamentally limited by the coarse resolution of source data [71] . Most importantly, there have been very few modeling studies accounting for snow cover dynamics in predicting spatial distribution of alpine plants and alpine communities, although see [72] , which is rather surprising given that alpine plant ecologists have long recognized the pivotal role of snow cover for plant distribution [73] . In this study, we show that the first snow free day and the vegetation greenness during peak standing biomass provide a two-dimensional habitat template in which one can distinguish the dominant vegetation communities above the tree line. In particular, the effects of mesotopography, i.e., elevation-independent topographic variability, on plant community composition are better captured when high spatial resolution data are used, as evidenced by the increased differentiation of snowbed communities (community 9) in Figure 10B . Ideally, a third axis consisting of exposure to mid-winter and spring frost events caused by frigid air temperatures and a shallow or absent snow pack would be used to further differentiate alpine plant community habitat. Field studies suggest that frost stress has a strong effect on alpine plant growth and community composition [23, 74] . Acquiring this information from satellite imagery is challenging, however, due to shadows present in mid-winter imagery and also lack of information on snowpack height.
Second, high spatial and temporal resolution imagery will allow for testing of hypotheses relating plant diversity to ecosystem functioning at an unprecedented scale [75] . For example, time-integrated values of NDVI have been used as a surrogate for aboveground primary productivity in mountainous environments [27, 76] . High-resolution data will enable relating these optically-derived proxies of ecosystem functioning to community-scale diversity metrics, whether taxonomic or functional. In addition, there will be new possibilities to investigate how inter-annual variability in snow cover duration cascades into ecosystem functioning and to what extent these dynamics are modulated by the plant composition of grasslands. Up to now, these relationships have been addressed with some disconnect between remote sensing and community ecology disciplines. We believe that the availability of high-resolution data may foster new lines of research in which plant community organization will be fully accounted for in diversity-climate relationships at regional or continental scales.
Conclusions
Through ground validation and comparison with moderate resolution products, our study demonstrates the utility of high-resolution time series imagery for mapping snow cover duration in alpine environments. In line with the objectives of the SPOT (Take 5) Experiment, our findings indicate the potential for data made available by the recently launched Sentinel-2 satellite to improve monitoring of snow cover dynamics and plant phenology in temperate alpine regions, which is an important task in the context of ongoing climate change. Specifically, we found that (i) high spatial resolution imagery improves estimates of local differences in snow melt-out induced by topographic heterogeneity; and (ii) that high temporal resolution remains essential in order to precisely detect snow melt-out timing and to capture peak productivity of alpine vegetation during the growing season. Regional-scale maps of the first snow free day and peak NDVI account for turnover in alpine plant communities in our study area and enable snow-vegetation studies at scales beyond what would be feasible using field measurements. The upcoming launch of new satellites (Sentinel-2B, Sentinel-3B Venµs) will continue to increase the availability of high spatial and temporal resolution multispectral imagery, which will improve the accuracy of time series studies dedicated to climate and ecological applications and allow for enhanced monitoring of snow and vegetation dynamics in mountain regions.
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